We review the Fourier-transform infrared (FTIR) spectroscopy of side-chain COO 
Introduction
Fourier-transform infrared spectroscopy (FTIR) is a useful method for investigating protein structures [1] [2] [3] [4] [5] [6] [7] [8] . Among the infrared bands created by the peptide group, the amide-I and amide-I′ bands have been the most widely used in studies of protein secondary structures in H 2 O and D 2 O solutions, respectively. The amide-I mode consists mainly of the C O stretch of the peptide group (mixed with the N\H bend and the C\N stretch) and gives rise to a strong infrared band in the region of 1700-1600 cm −1 . The amide-I′ mode also consists mainly of the C O stretch of the peptide group, but the band position of amide-I′ mode is very slightly downshifted due to the secondary order of perturbation by the HD exchange at NH bond of the main chain. The development of FTIR spectroscopy made it possible to enhance the resolution of broad infrared bands by techniques such as Fourier self-deconvolution [9] [10] [11] , second-derivative, curve-fitting, difference calculation and two-dimensional correlation analysis [12] [13] [14] . Originally, the relationship between the positions of the amide-I band obtained by using Fourier self-deconvolution and curve-fitting and the type of secondary structure was investigated experimentally for model peptides and proteins of known three-dimensional structure by Byler and Susi [3] . The general empirical rule in the infrared study of proteins is to assign the individual amide-I bands resolved by resolution-enhancement techniques to representative secondary structures such as α-helix, β-sheet, β-turn and so on [1] [2] [3] [4] [5] [6] [7] [8] . In particular, to understand the secondary structures of proteins qualitatively, second-derivative calculation has been widely and conveniently applied to the FTIR spectra or FTIR attenuated total reflection (ATR) spectra of proteins, after eliminating the contribution of solvent (H 2 O or D 2 O buffer) by a subtraction procedure.
FTIR spectroscopy also has potential in the study of protein side-chains such as aromatic rings, \COO − , \OH, \SH, \CH 3 , \CH 2 \ and so on, to elucidate the mechanisms underlying protein reactions [7, 8, 15] . Wright and Vanderkooi indicated that FTIR profiles for 20 amino acids and their metabolites are sufficiently characteristic so that FTIR can be used to monitor enzymatic reactions involving amino acids [15] . Barth has reviewed the infrared absorption of amino acid side chains of proteins in H 2 O and D 2 O in detail [7, 8] . In this review, we focus on the metal coordination of the side chain COO − groups of Glu and Asp on Ca
2+
-binding proteins, which plays an important role in Ca 2+ -mediated functions [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Implication of infrared COO
− stretches
The carboxylate (COO − ) groups can coordinate to metal ions in four modes ( Fig. 1 ): 'unidentate' (or 'monodentate'), 'bidentate' (or 'chelating'), 'bridging' (or 'bridging bidentate') and 'pseudo-bridging' modes [28, 29] . When a metal ion interacts with only one oxygen atom of a COO − group, the coordination structure is regarded as unidentate. In the bidentate coordination mode, the metal ion interacts equally with the two oxygen atoms of a COO − group. In the bridging coordination mode, one metal ion binds to one of the two oxygens in a COO − group and another metal ion to the other oxygen atom. As a special case of the bridging mode, the pseudo-bridging coordination mode features a water molecule replacing one of the two ligands in the bridging coordination. Extensive infrared studies have been done on the relationship between COO − stretching frequencies and coordination types [28, 30] . Deacon and Phillips [28] have found a general tendency in the relationship between Δν a − s (frequency separation between the COO − antisymmetric and symmetric stretching vibrations) and the coordination types of the COO − group to metal ions by examining the structures and vibrational frequencies of a number of acetate salts in the solid state. The frequency of the COO − antisymmetric stretch of the unidentate species is higher than that of the ionic (metal-free) species, which is in turn higher than that of the bidentate species. The reverse is the case for the COO − symmetric stretch. As a result, the Δν a − s values for unidentate, bridging, bidentate and ionic species are in the following order:
where Δν a − s (ionic) is approximately 160-170 cm
. Ab initio molecular orbital calculation (HF / 6 − 31 + G**) has revealed that the correlation is related to changes in the CO bond length and the OCO angle [31] . An equation for the relationship between the structure of the COO − group and the value of Δν a − s (in cm and troponin C (TnC) [35] . The physiological function of parvalbumins is Ca 2+ buffer or Ca 2+ signal modulator [36] . Parvs are classified into two distinct phylogenitic lineages, named α and β, respectively, from the comparison of amino acid sequences [37, 38] . -binding proteins. Fig. 2 shows the infrared Fourier self-deconvolved and second-derivative spectra of the Mg A difference between the tertiary structure of α-Parvs and β-Parvs has been recognized after the first determination of the solution structure of a typical α-Parv (pike pI 5.0) by threedimensional 1 H nuclear magnetic resonance spectroscopy [46] .
Although the tertiary structure of pike Parv pI 5.0 retains all the features of pike Parv pI 4.1, the former differs from the latter in the length of its C-terminal F-helix domain. This domain consists of 11 residues in pike Parv pI 5.0 instead of ten in pike Parv pI 4.1.
It is suggested that the lengthening of the F-helix is accompanied by the occurrence of stabilizing interactions between B and F helices. The crystal structures of two α-Parvs from leopard shark and rat have been reported [47, 48] . Although shark Parv differs by nearly 50% in the amino acid sequence from pike Parv pI 4.1 and carp Parv pI 4.25, the overall structure of shark α-Parv is similar to those of the latter two typical β-Parvs. However, one important difference is that there is a locking of the tertiary 
structure through contacts between two sequentially distinct regions for the crystal structure of shark Parv: a hydrogen bond exists between the side-chain of Gln-108 (F-helix) and Tyr-26 (B-helix). Similarly, the crystal structure of rat α-Parv has indicated the interaction between F-helix and B-helix. The spectral patterns of Mg
2+
, Mn 2+ and Ca
-bound pike Parv pI 5.0 (α lineage) (Fig. 2(II) -binding sites (CD site and EF site) are conserved between these Parvs, except for the second, fourth and 11th residues in the CD site and the second, fourth, and tenth residues in the EF site. Therefore, the similarity of the spectral patterns in the COO (Fig. 2(III) 
Calmodulin
CaM regulates the functions of a wide variety of enzymes as a Ca 2+ sensor [49] [50] [51] . It has four Ca 2+ -binding sites (I-IV). X-ray analyses [52, 53] have revealed that these four sites are similar to the EF-hand motif reported on parvalbumin [33] , and that the COO − groups of Asp and Glu, the CONH 2 group of Asn, and so on are coordinated to Ca (Asp-58) and that in site III (Asp-95) are associated with intersite cooperativity [55] . CaM binds various metal ions besides Ca 2+ [56, 57] . The correlation between CaM activities and the metal-ion radii has been studied by assaying CaM-dependent phosphodiesterase activity as well as tyrosine fluorescence [57] . FTIR and electron-spin-resonance spectroscopies and the assay of CaM-dependent myosin light-chain kinase activity have also been applied to the study of the interaction between CaM and various metal ions [58] . The interaction of CaM with Mg 2+ is interesting because CaM is thought to interact with not only Ca 2+ but also Mg 2+ under physiological conditions [59] .
Comparative studies on the binding effects of Ca 2+ and Mg 2+ have been performed by using circular dichroism [60] and nuclear magnetic resonance [61] spectroscopies and isothermal titration calorimetry [62] [63] [64] . Cd 2+ is thought to be an effective substitute for Deconvolution was performed according to the method described by Jones and Shimokoshi [11] . Second derivatives are multiplied by − 1. Fig. 2 2 O solution have been analyzed by the method of Fourier self-deconvolution, second-derivative spectrum and difference spectrum [65] . The metal-ion dependence of the half-width of the amide-II band has been reported on undeuterated CaM in nujol [58] . The interactions of CaM with its peptides have also been studied by FTIR spectroscopy in combination with the isotope-edited method [67, 68] or vibrational circular dichroism (VCD) spectroscopy [69] . The effect of the Ca 2 + coordination structure of CaM by methionine oxidation has been investigated by FTIR [70] . (Fig. 3) .
Consequently, the marker bands of the active form are: (1) the amide-I′ band at about 1661 cm -binding loop (site IV) of this protein is composed of DTDGSGTVDYEE (residues 131-142) [85] . Applying the general rule of the EF-hand motif [41, 42] On the basis of the crystal structure of vertebrate TnCs [86, 87] and C-terminal domain of Akazara scallop TnC in complex with a troponin I fragment [88, 89] , the COO − group of Glu at the 12th position in site IV may coordinate to the Ca 2+ ion in the bidentate mode and to the COO − groups of Asp at the 1st and 3rd positions in the unidentate mode. Fig. 4 shows the FTIR absorbance and second-derivative spectra of apo, Mg The bands at 1602 cm − 1 for the Mg 2+ -bound state in Fig. 5a and at 1592 cm − 1 for the Ca 2+ -bound state in Fig. 5b Fig. 5a also reflects that the COO − groups interact with Mg 2 + in the pseudo-bridging mode, because the peak positions for the COO − symmetric and antisymmetric stretching vibrations move together. In addition, the weak band at 1605 cm − 1 for the apo state and at 1610 cm − 1 for the Ca 2 + -bound state may be due to side-chain COO − groups. -free state. From Nara et al. [19] .
As a result, a model for the on-off mechanism in the activation of Akazara scallop TnC has been proposed (Fig. 6) -bound Akazara scallop troponin C in solutions containing 40 mM HEPES-NaOD (pD 7.4) and 100 mM KCl. From Yumoto et al. [23] . From Yumoto et al. [23] .
wild-type TnC C-lobe binds to these ions in the bidentate coordination mode [27] . This result suggests that the shortage of a methylene group is critical for the M 2 + coordination structure of -binding site
The use of the synthetic calcium-binding peptide approach has provided valuable results for understanding the calcium-binding properties thus far [92] [93] [94] [95] . Calcium binding to a series of peptides derived from site III of rabbit skeletal muscle TnC has been studied by Reid et al. [92] , who found that a 34- (Fig. 7) . These results are consistent with those of the E142D and E142Q mutants of Akazara scallop TnC. Consequently, it has been confirmed that the assignment of 1543 cm −1 for Ca
2+
-bound Akazara scallop TnC described above using the synthetic peptide analogue approach is correct.
The physiological activity of Akazara scallop TnC has been reported only in the wild-type and E142Q forms [96] . The Ca 2+ -loaded E142Q mutant is inactive due to the replacement of E with Q at the 12th position of site IV. The E142D mutant also may be inactive in the Ca Investigating synthetic peptide analogues by FTIR spectroscopy in combination with site-directed mutagenesis, will make it possible to more clearly identify the specific amino acid residues involved in the coordination of metals to Ca 2 + -binding proteins.
